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PLUG-AND-PLAY RIPPLE PACIFIER FOR
DC VOLTAGE LINKS IN POWER
ELECTRONICS SYSTEMS AND DC POWER
GRIDS

FIELD OF THE INVENTION

[0001] The current invention relates to achieving ripple
mitigation and stabilization of DC utilities and systems
using a device that 1s fully independent of the operation of

existing power electronic equipment and electrical appli-
ances connected to DC-link infrastructure.

BACKGROUND OF THE INVENTION

[0002] In recent years, with emerging distributed renew-
able power generation, such as photovoltaic power genera-
tion, there has been a renewed interest in dc power grids. It
1s envisaged that a mixture of traditional AC power grids and
emerging dc power grids will become a new form of power
gird for the future. For a DC power grid provided by an AC
power source, the AC voltage has to be rectified mto DC
voltage. In the process, voltage at double the mains fre-
quency (e.g. 100 Hz for a 50 Hz mains) may be present as
ripple 1n the dc voltage link unless a very large capacitor 1s
used to provide energy bullering between the AC power
source and the loads of the DC voltage link. Like the AC
power systems, the DC power systems have voltage regu-
lation requirements. Also, the dc link voltage 1s subject to
disturbances for various reasons, such as sudden changes of
large loads and power mismatches between power supply
and demand

[0003] For most power electronics applications that
require AC/DC and DC/AC conversions, and some that
require DC/DC conversions, there 1s an intermediate DC-
link interface to facilitate the power conversion as 1llustrated
in FIG. 1. These applications are generally applied at two
levels: (1) utility (appliance) level, (e.g. lighting systems,
clectrical vehicle (EV) battery charging and motor drives)
and (2) power generation level (e.g. wind turbines and
photovoltaic micro-grid power systems). For both levels of
applications, 1t 1s crucial to guarantee a stable and reliable
operation of the DC-link to which one or several DC devices
or down-stream converters are connected.

[0004] A large variation of the DC-link voltage will cause
celliciency and performance degradation of its cascading
converters and will significantly increase a system’s voltage
stress. See, L. Gu et al., “Means of eliminating electrolytic
capacitor in AC/DC power supplies for LED lightings,”
[EEE Trans. Power Electrvon., vol. 24, no. 5, pp. 1399-1408,
(May 2009). It may also lead to other undesirable 1ssues. For
instance, the variation of the DC-link 1n LED applications
can lead to light flicker, which 1s detrimental to human
health. See for example, B. Lehman et al., “Proposing
measures of flicker 1n the low frequencies for lighting
applications,” IEEE Energy Conversion Congress and Expo-
sition, (2011), pp. 2865-2872 and A. Wilkins et al., “LED
lighting flicker and potential health concerns: IEEE standard
PAR1789 update,” IEEE Energy Conversion Congress and
Exposition, (2010), pp. 171-178. In electric vehicle (EV)
battery charging applications, the ripple power can heat up
the batteries, thereby reducing their lifetime. T. Shimizu and
T. Fujita et al., “A unity power factor PWM rectifier with DC
ripple compensation,” IEEE Trans. Ind. Electron., vol. 44,
no. 4, pp. 447-455, (1997) and T. Shumizu and Y. Jin et al.,
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“DC ripple current reduction on a single-phase PWM volt-
age-source rectifier,” ILEE Tvans. Ind. Appl., vol. 36, no. 3,
pp. 1419-1429, (2000). In photovoltaic (“PV”) applications,
the vanation can reduce the power efliciency of the PV
panels as disclosed 1n P. T. Kremn et al., “Mimmum energy
and capacitance requirements for single-phase inverters and
rectifiers using a ripple port,” IEEE Trans. Power Electron.,
vol. 27, no. 11, pp. 4690-4698, (November 2012). See also,
S. H Lee et al., “Mitigation of low frequency AC ripple 1n

single-phase photovoltaic power conditioning systems,” J.
power Electron., vol. 10, no. 3, pp. 328-333, (2010).

[0005] The voltage variation of the DC-link can be a
steady-state oscillation or a transient disturbance. Essen-
tially, these variations are caused by the instantaneous power
difference between the total mput power injected into and
the total output power extracted from the DC-link. Major
contributors to steady-state oscillation in the DC-link are the
single-phase AC/DC or DC/AC systems, which inherently
possess a double-line-frequency (100 Hz or 120 Hz) power
difference between their AC mput and DC output at steady
state. S. Wang et al., “A tlicker-free electrolytic capacitor-

less AC-DC LED dniver,” IEEE Trans. Power Electron., vol.
2’7, no. 11, pp. 4540-4348, (November 2012); G. R. Zhu et
al., “Mitigation of low-frequency current ripple 1 fuel-cell
inverter systems through wavetorm control,” IEEE Trans.
Power Electron., vol. 28, no. 2, pp. 779-792, (February
2013); M. Su et al., “An active power-decoupling method
for single-phase AC-DC converters,” IEEE Trans. Ind.
Informatics, vol. 10, no. 1, pp. 461-468, (February 2014);
and H. L1 et al., “Active power decoupling for high-power
single-phase PWM rectifiers,” IEEE Trans. Power Electron.,
vol. 28, no. 3, pp. 1308-1319, (March 2013). Other con-
tributors to DC-link variations include the presence of AC
side harmonics, load transient, etc.

[0006] The simplest and most conventional approach to
improving the stability of the DC-link voltage 1s to insert one
or more parallel capacitors C into the DC-link interface, as
shown 1n FIG. 1. The capacitors are typically electrolytic or
E-Cap ones due to their high energy density (space-saving)
and cost eflective nature. However, their relatively short
lifetimes pose critical challenges to the lifetime and reliabil-
ity of the overall system. With the increasingly stringent
reliability requirement needed 1n power, acrospace, automo-
tive, and general lighting systems, a more reliable method of
stabilizing the DC-link without the use of E-Caps 1s
required. In particular, large voltage ripple across electro-
lytic capacitors leads to large capacitor current ripple and
thus internal resistive loss and temperature rise inside the
clectrolytic capacitor.

[0007] Recently, various solutions mvolving the use of
small long-lifetime capacitors (e.g. film caps) to stabilize the
DC-link voltage of such systems have been proposed. One
such solution 1s to intentionally reduce the instantaneous
input-and-output power ditlerence by manipulating the input
and/or output operation wavetorms of the power electronics.
See the L. Gu, et al. article, the GG. R Zhu et al. article, B.
Wang et al., “A method of reducing the peak-to-average ratio
of LED current for electrolytic capacitor-less AC-DC driv-
ers,” ILEE Trans. Power Electron., vol. 25, no. 3, pp.
592-601, (March 2010); X. Ruan et al., “Optimum 1njected
current harmonics to minimize peak-to-average ratio of LED
current for electrolytic capacitor-less AC-DC dnivers,” IEEE
Tvans. Power Electron., vol. 26, no. 7, pp. 1820-1825, (July
2011); Feng Gao et al., “Indirect DC-link voltage control of
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two-stage single-phase PV iverter,” IEEE Energy Conver-
sion Congress and Exposition, (2009), pp. 1166-1172 and Y.
M. Chen et al., “DC-link capacitor selections for the single-
phase grid-connected PV system,” 2009 International Con-
ference on Power Electronics and Drive Systems (PEDS),
(2009), pp. 72-77.

[0008] Methods based on this solution are cost eflective,
requiring only a change of the control, with no modification
of the existing hardware. However, they are achieved at the
expense of sacrificing the system’s performance in terms of
having a high power factor (PF) and good total harmonics
distortion (THD), good voltage regulation and high efh-
ciency. See, the L. Gu, et al., B. Wang, et al., X. Ruan, et al.,
Feng Gao, et al., Y. M Chan, et al. and G.-R. Zhu, et al.
articles. Thus, this solution 1s only eligible for applications
with less stringent regulatory requirements.

[0009] Another solution 1s to incorporate additional cir-
cuits with controls that decouple the input-and-output power
difference of the power electronics, as separate ripple power
components. These circuits act as separate energy storage
components that do not require an E-cap. Methods based on
this solution are considered “active-filter” based. Except for
a small loss of power efliciency, these methods typically
cause little degradation of the system’s performance. See the
T. Shimizu, et al. article; P. T. Krein, et al. article; A. C.
Kyritsis et al., “A novel parallel active filter for current
pulsation smoothing on single stage grid-connected AC-PV
modules,” European Conf. on Power Elect. and Appl.,
(2007), pp. 1-10; W. Chen et al., “Elimination of an elec-
trolytic capacitor in AC/DC Light-Emitting Diode (LED)
driver with high 1mput power factor and constant output
current,” [ILEE Trans. Power Electron., vol. 27, no. 3, pp.
1598-16077, (March 2012); W. (1 et al., “A novel active
power decoupling single-phase PWM rectifier topology,”
IEEE Applied Power Electronics Conference and Exposi-
tion, (2014), pp. 89-95; Y. Tang et al., “Decoupling of
fluctuating power in single-phase systems through a sym-
metrical half-bridge circuit,” IEEE Applied Power Electron-
ics Conference and Exposition, (2014), pp. 96-102; and

[0010] R. Wang et al., “A high power density single-phase
PWM rectifier with active nipple energy storage,” IEEE
Tvans. Power Electron., vol. 26, no. 3, pp. 1430-1443, (May
2011). These energy storage devices have relatively longer
lifetimes. Thus, the E-Cap can be eliminated and overall
system reliability can be enhanced.

[0011] However, the need to incorporate additional cir-
cuits mandates that existing power electronics hardware 1n
pre-existing 1installations must undergo modification and
re-design. This significantly increases the overall system’s
cost at both manufacturers’ and consumers’ ends. For the
power generation level of applications, modification of
hardware on-line 1s generally prohibited.

SUMMARY OF THE INVENTION

[0012] The present mvention is related to methods and
systems that can be applied to the dc voltage link of a power
clectronic system, a dc power grid or a distributed dc power
system to provide multiple functions such as voltage ripple
reduction and active power filtering. The device can either
be (1) designed specifically for providing special functions
such as active power filtering and impedance emulation or
(1) a general programmable one that can be programmed to
perform the required functions.
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[0013] In a particular embodiment 1t 1s directed toward an
alternative concept that involves a simple and low-cost
ripple mitigation device for DC utilities and systems. The
objective 1s to achieve ripple mitigation and stabilization of
the DC utilities and systems using a device that 1s tully
independent of the operation of existing power-electronic
equipment and electrical appliances connected to the DC-
link infrastructure. In order to operate 1t only needs to detect
the DC-link voltage. Therefore, with this solution, no modi-
fication of existing hardware i1s required. Instead, the
approach mvolves a device that can be referred to as a
“plug-and-play Ripple Pacifier (RP)” (as shown in FIG. 2).
This RP device can be directly plugged into the DC-link
interface such that it will independently work to remove the
steady-state ripple power oscillation on the DC-link that 1s
caused by AC/DC or DC/AC power conversions. Impor-
tantly, while providing a stable DC-link operation, the RP
does not 1nterfere and 1s non-invasive to the operation of all
other power-electronic equipment and electrical appliances
on the system.

[0014] An AC/DC or DC/AC system (herein simply
referred to as an AC/DC system) with the power decoupling
function can be described using the three port model shown
in FIG. 3, where there 1s an AC port, a DC port, and a ripple
port. See, Krem et al., “Mimimum energy and capacitance
requirements for single-phase inverters and rectifiers using a
ripple port,” IEEE Trans. Power Electron., vol. 27, no. 11,
pp. 4690-4698, (November 2012), which 1s incorporated
herein by reference in 1ts entirety. The ripple port, to which
an energy storage component 1s connected, acts to absorb all
the necessary ripple power presented on the DC port. It can
be linked to the AC/DC system 1n numerous ways, such as
to the AC port [See, G.-R. Zhu, et al., article which 1s
incorporated herein by reference 1n 1ts entirety], the DC port
[A. C. Kyritsis, et al., and Y. Tang, et al., articles which are
incorporated herein by reference in their enftirety], the
mverter leg [M. Su, et al. and H. Li, et al., which are
incorporated herein in their entirety] or the high-frequency
AC-link [T. Shimizu, et al. and P. T. Krein, et al., which are

incorporated herein by reference 1n their entirety].

[0015] The hiquetfied chemical contained 1n E-Caps evapo-
rates gradually over time due to heat and utilization. This
leads to a decrease 1n the eflective capacitance and therefore
an increase in the low-frequency voltage ripple at the DC
port. The use of an RP to absorb existing ripple power due
to the degradation of the E-Caps will eliminate this low-
frequency voltage ripple from the line, and thereby protect
the normal functioning of the DC utilities. By ensuring a
more stable DC-link, the junction temperatures of all com-
ponents ol the power electronics connected to the DC-link
(1.e., power semiconductors, magnetics, E-Caps) will be
reduced, thereby improving the overall system’s reliability.
For instance, with the RP absorbing the ripple power, there
1s minimal flow of low-frequency current in the E-Caps,
which means reduced utilization and heating, and conse-
quently, the prolonging of their lifespan.

[0016] As an active power filter or ripple pacifier, another
advantage of the mvention 1s that the practical impedance
used 1n the programmable device can be much smaller than
the emulated impedance, making 1t possible to use non-

clectrolytic capacitors. Applications of the proposed plug-
and-play device include at least, but not limited to, voltage

ripple pacifiers and active power filters.
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[0017] Additionally, 1if the RP 1s made sufliciently com-
pact, e.g. similar to the size of an E-Cap, 1t can be used as
a discrete component 1n the form of an Active Electronic
Capacitor. Thus, other than being applied to DC-link sys-
tems, the RP can be used to directly replace short-lifetime
E-Caps 1 power supplies and equipment. In this respect, the
RP can be modularized and arranged in parallel-series
configurations, which can be beneficial to high power or
distributed power system applications, where “hot swap-
ping” of faulty units can be easily performed without
interrupting the normal functioning of the system. Both the
hardware and the control of the RP are simple and of low
Cost.

[0018] It 1s important to note that the RP can be further
enhanced to include the additional feature of alleviating
transient disturbance on the DC-link. This 1s useful for
applications 1nvolving fast dynamic power changes of
source or load.

[0019] The device of the present invention has the follow-
ing advantages:—

[0020] A. Compared to most of the existing prior art
systems, 1t requires no additional sensors installed into
the existing DC system for measuring the system
status. Only the DC-link voltage/current information 1s
required.

[0021] B. The use of the proposed method will only
regulate the ripple (lugh frequency) content 1n the

DC-link voltage and will not affect the averaged DC
value of the DC-link voltage.

[0022] C. It will not cause 1nstability 1ssues for exiting
DC systems.

BRIEF DESCRIPTION OF THE

DRAWINGS

[0023] The foregoing and other objects and advantages of
the present invention will become more apparent when
considered 1n connection with the following detailed
description and appended drawings in which like designa-
tions denote like elements 1n the various views, and wherein:

[0024] FIG. 1 15 a block diagram of a typical power stage
infrastructure for power electronics system with a DC-link;

[0025] FIG. 2 1s an overview of an existing DC-link (DC
utilities and systems) with multiple plug-and-play rnipple
power devices according to the present invention installed
therein;

[0026] FIG. 3 shows a three port model of an AC/DC
system:
[0027] FIG. 4 illustrates various circuit diagrams with

different ripple port configurations. 1.e., FIG. 4(a) 1s an AC
port, FIG. 4(b) 1s a DC port, FIG. 4(c) 1s an inverter leg and
FIG. 4(d) 1s a high-frequency ac-link;

[0028] FIG. 5(a) 1s a block diagram of a simplified DC
system showing a ripple pacifier in the form of an active

filter and FIG. 5(b) 1s the circuit model of a practical boost
PFC rectifier:;

[0029] FIG. 6 shows wavetorms of C_ for different values

of k. where FI1G. 6(a) 1s the voltage wavelorms and FIG. 6(b)
1s the current waveforms;

[0030] FIG. 7 shows voltage wavetorms of Cs with
inverter type RP where FIG. 6(a) 1s for k=1 and FIG. 7(b)
1s for k=1.25;

[0031] FIG. 8 15 a plot of the relationship between voltage
utilization rate NV and energy utilization rate nE;
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[0032] FIG. 9 1s a schematic of a system comprising a
boost PFC rectifier and an RP being connected to the
DC-link;

[0033] FIG. 10{a) 1s a block diagram of a circuit configu-
ration of an AC/DC system with a bi-directional buck

converter as the RP, and FIG. 10(5) 1s a circuit schematic of
the arrangement of FIG. 10(a);

[0034] FIG. 11 1s a control block of the RP when con-
trolled as a buck converter;

[0035] FIG. 12 1s a typical control block diagram of a
boost PFC rectifier;

[0036] FIG. 13 1s a circuit configuration of an AC/DC
system when the RP operates as a boost converter;

[0037] FIG. 14 1s a control block of the RP when con-
trolled as a boost converter;

[0038] FIG. 15 1s an equivalent state-space averaged cir-
cuit model of RP with consideration to the AC/DC 1nput
sQurce;

[0039] FIG. 16 1s a small-signal model of RP with con-
sideration to the AC/DC 1nput source;

[0040] FIG. 17 1s a control block diagram of the proposed
DC-voltage based control for RP, showing how to emulate
an 1impedance of 7.

[0041] FIG. 18 1s a control block of the proposed RP for
emulating 1 FIG. 18(a) a capacitor of KCo and in FIG.
18(b) a general impedance of 1/(sGe(s)Co);

[0042] FIG. 19 15 a graph of the capac1tance of C_, and
C,_ . . .11 the frequency domain when G _(s) 1s a propor-
tional gamn of K (the eflect of the low-pass filter 1s
neglected);

[0043] FIG. 20 1s a simulation of results of the steady-state

operation wavelforms ol the system where FIG. 20(a) 1s
without RP; FIG. 20(5) 1s with RP using a PR controller of

100 Hz resonant frequency; and FIG. 20(c) 1s with RP using

a multi-PR controller of resonant frequencies of 100 Hz, 200
Hz and 300 Hz;

[0044] FIG. 21 shows graphs of experimental results of

the steady-state operation waveforms and FFT results of the
DC-link voltage for the circuit of FIG. 10(d);

[0045] FIG. 22 shows graphs of experimental results of

the steady-state operation waveforms and FFT results of the
DC-link voltage for the case of FIGS. 22(a), 22(b) which 1s

without RP; FIGS. 22(c¢), 22(d) with RP using PR controller
of 100 Hz resonant frequency; and FIGS. 22(e), 21(f) with
RP using multi-PR controller of resonant frequencies of 100

Hz, 200 Hz and 300 Hz;

[0046] FIGS. 23(a) and 23(d) are transient voltage wave-
forms of the system from full load to 20% load without RP
(left) and with RP (right);

[0047] FIGS. 24(a) and 24(d) are transient voltage wave-
forms of the system from 20% load to full load without RP
(left) and with RP (right);

[0048] FIG. 25 shows the relative power consumed by the
RP for different output power and a comparison of power
elliciency of the AC/DC system with and without the use of
RP;

[0049] FIG. 26 1s the thermal image and point temperature

(in © C.) of the boost PFC circuit board without RP (FIG.
26(a)) and with RP (FIG. 26(b)); and

[0050] FIG. 27 1s a plot of power factor against output
power of the AC/DC system with and without the use of RP.
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DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS OF THE INVENTION

[0051] As shown in FIG. 3, at the nipple port there 1s an
energy storage device that absorbs only the DC voltage
ripple. As a result the E-Cap next to the ripple port becomes
optional. Besides, the current invention 1s connected 1n
parallel with the DC utilities at the DC-link interface, thus
it can be plugged into the system without any modification
(plug-and-play).

[0052] Theretore, for AC/DC systems, the current inven-
tion can eliminate the use of E-Caps to improve the overall
system stability. For existing system with pre-installed
E-Caps, 1t can also serve as a protection apparatus to slow
down the degradation of the E-Caps. For integrated systems,
the current invention can replace short-lifetime E-Caps
directly to improve the lifetime of the application.

[0053] FIG. 4 shows various illustrative examples of cir-
cuits related to each kind of ripple port configurations. In
cach figure the circuit for performing the ripple pacitying
function 1s shown 1n dotted lines. The mput side represents
the ac port and the DC port 1s also labelled as shown in FIG.
3. Switches are provided 1n the circuits to connect the energy
storage device of the present invention to the DC port at the
correct time to eliminate the rnipple. Clearly, configurations
with the ripple port 1 parallel with the DC port (see FIG.
4(b)) have the advantage that the ripple port can be easily
attached to or detached from the system, without disruption
to the functional operation of existing AC or DC utilities.
This provides the possibility of attaining a plug-and-play RP
functionality. However, it should be noted that not all
configurations 1n FIG. 4 are suitable for ‘plug-and-play’
application. To be qualified for ‘plug-and-play’ application,
the device should (1) have two terminals only for the dc
voltage link and (1) require only the DC link voltage as input
variable for its control. All necessary variables or references
for control (such as the reference ot 1) should be able to be
derived from the information of v, for a shunt program-
mable device according to this invention. There should not
be any need to implement any other sensor for measuring,
other variables such as the mput AC voltage (v __), input AC
current (1), the supply current from the DC voltage source
(1.) and the load current (1_). Therefore, a true “plug-&-play”
device should be non-intrusive to the existing host system.
If the shunt device 1s designed or programmed as an active
filter, 1t can operate as an independent device to remove the
DC bus voltage ripple. Similarly, for a series device, the
control schematic should require the information of the
series current (1) only.

[0054] Using FIG. 4(b) as an example the AC source and
the four diodes with switches across them form a full wave
rectifier 10 to generate DC voltage that 1s to be applied to the
DC port. The switches 11 within the dotted line selectively
connect the inductor 12 and capacitor 13 to the DC line to
remove the ripple. An E-cap 1s additionally shown across the
DC port. Alternative configurations are shown 1n the other

schematics of FIG. 4.

[0055] According to the present invention a ripple pacifier
(RP) 1s connected across a DC grid and it actively changes
its 1impedance to absorb ripple. FIG. 5(a) shows a simple
block diagram, as opposed to the schematics of FIG. 4 of
such an arrangement. In FIG. 5(a) a simplified DC system 1s
shown, which comprises an AC/DC converter 10 (e.g. a
rectifier or an mverter), a DC source/load 135, and the active
filter (switches 17) and energy storage devices 19 of the
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present invention. The “shunt” active filter 17 1s coupled
with the DC bus of the system via the point of common
coupling (PCC), and can actively remove any undesired
disturbances on the DC bus by introducing a current 1.1nto
the DC bus. With such configuration, the active filter has the
possibility to realize plug-and-play tunctionality.

[0056] In order to better understand the present invention
a mathematical description of the double-line frequency
ripple power present in single-phase AC/DC systems 1s
derived using a conventional boost PFC rectifier (see FIG.
5(b)) as an example. Here, the circuit comprises a front-end
diode bridge (D1-D4), a boost PFC converter (L,, S, and
Do) and a capacitor Co that 1s in parallel with the DC load
Ro. Series resistances rb and rd are incorporated in the
circuit model to reflect the conduction losses of the inductor
and the diodes, respectively.

[0057] The mnput of the rectifier 1s assumed to be of unity
power factor such that the AC side voltage and current are

v,.=V, sin{wi) (1)

i =1_sm(wi) (2)

where v__. and 1__. are the instantaneous line voltage and
current, and V_and I_ are their amplitude, respectively. The
current flowing through L, 1s the rectified form of the AC
input current. Therefore, the mnstantaneous storage power of
the 1nductor 1s

Lo 2 (3)
dEL - d(zl‘bllacl ] - N o
— = ™ _zmbssm(a})

PL =

where E; 1s the instantaneous energy stored in the inductor.
[0058] The total conduction loss of the rectifier can be
expressed as

pcond:facz(rb-l-zFJ)ZI/ZISE(FE?-l_zrd)[1 —COS5 (2(1):)] (4)

[0059] Taking Equations (3) and (4) mto consideration,
the instantaneous power p , .~ that 1s delivered to the DC port
1S g1ven as

Pac = Vﬂﬂfaﬂ — PL — Pcond (5)
Pnc _
l
— Efs[vs — s(rb + Qrd)] -

Pr=F2u

| 1
> IV, cos(2wr) — > {uLbff sin({2wi) + 5 If(rb + 2ry) cos(2wr)

[0060] Equation (5) clearly shows that P , . contains two
components: a constant DC component P, and a double-
line frequency component P, . Here, P,, . should be equal to
the real power required by the DC load, while P, 1s the
instantancous power diflerence between the AC mput and
the DC output, which 1s equivalent to the ripple power p,,
1.e.,

D, =D, ==LV ~I(r,+2r,)] cos(Qwt)-Y2wL,I.* sin
(2m1). (6)

[0061] From Equation (6), 1t can be seen that pr 1s 1ntro-
duced by the line voltage and current, and 1s a function of
Lb, rb and rd. The ripple power pr will pass through the
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filtering capacitor Co and will generate a double-line fre-
quency voltage ripple across 1t. A smaller capacitor can lead
to a significantly high voltage ripple across the DC load
device, which 1s typically undesired.

[0062] In order to prevent the low-frequency voltage
ripple from appearing at the input of the DC load device, Pr
can be externally decoupled from the circuit, which 1s then
stored 1nto a separate inductive or capacitive storage device.
An imnductive means of energy storage 1s usually avoided due
to 1ts low power density and high power losses. Therefore,
only the capacitive means of energy storage device 1s set
forth.

[0063] Without losing generality, Pr which is set forth 1n
Equation (6) can be expressed as

p,=Pp sin(2mi+g) (7)

where P, and ¢ are the amplitude and the phase of Pr,
respectively. Given that the voltage of the storage device’s
capacitor C_1s v, 1ts capacitor current 1, will be

dvcs (8)
dr

tes = C

[0064] Since the power i C_ must be instantanecously
equal to the ripple power, Equation (9) must be satisfied.

- dves . (9)
vesics = Co o = Pr sin(2wit + @)

Integrating Equation (9) to solve for v . gives

3 (10)
lves| = \/ Coo |k —cos(Zwr+¢@)] (k=1)

where k 1s an integral constant that determines the shape of
the capacitor voltage wavelorm.

[0065] It should be highlighted that the polanty of v .. 1n
Equation (10) can be either positive, negative or both,
depending on the circuit topology of the RP to which C. 1s
connected. A DC/DC type RP normally provides C_ with a
single polarity voltage wavetform, whereas an inverter type
could offer a dual polarity operation. If the operational
wavetlorm of v .. 1s positive, then

3 (11)
Veg = . |k — cos(Zwr + ¢)]

()

and the associated capacitor current 1. will be given as

s1n( 2wt + ) (12)

1
\/ CPro |k — cos(2wr + )]

cs =

[0066] In order to help visualize the operation wavelforms
of C_, FIG. 6 shows plots of voltage and current based on

Equations (11) and (12) 1n which a ripple power P, of 100
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W and C_ of 10 uF are assumed with k=1, 1.25, 2, and 5.
From FIG. 6, the following observations can be obtained:

[0067] (a) The DC (averaged) value of v . increases as
k increases.

[0068] (b) The voltage fluctuation of v . decreases as k
1NCreases.

[0069] (c) When k=1, the shape of v, has a rectified
sinusoidal shape; as Kk increases, the wavelorm
becomes more sinusoidal.

[0070] Altemmatively, Equation (11) can be rearranged into

(13)

Vs = \/ C{Ji} [(k - D+ 251112(@3‘+ g)]

or

(14)

P | 1 S ‘
Vg = R (\/k_— cms(er+ga)] —ECGSZ(ZMI+@) :

2k

[0071] According to Equation (13), when k=1, v__ can be
simplified as

{ (135)
2P
Vg = . i ‘sin(mr+ g)‘

which 1s clearly in the form of a rectified sinusoid and 1s 1n
agreement with that plotted in FIG. 6. On the other hand,
when k>>1, the cos® (2wt+@) term in Equation (14) can be
neglected. Consequently, V__ can be approximated by a
double-line frequency component with a DC oflset, as
shown 1n Equation (16).

DC 2w H (16)
Prk Pp )
Vs = Coio — AC. ok cos(Z2wi + @)

[0072] From Equation (16), 1t 1s clear that the DC com-
ponent in V ~¢ 1s proportional to the parameter k, while the
amplitude of the double-line frequency content (1.e. the
voltage ripple) 1s inversely proportional to k.

[0073] In cases where the RP 1s of the mverter type, of
which V . 1s of dual polarity, the wavelform of V .. can be
much more diverse. By mirroring any portion of the V.
wavelorms 1n FIG. 6 to negative, an AC wavelform v__ can
be dertved. FIG. 7 shows two examples of how AC wave-
forms of V__ for k=1 and 1.25 can be obtained. Particularly,

when k=1,

(17)

2Pp
o sinwr + 5),

which 1s a pure sinusoidal waveform with the line frequency.
[0074] The denived voltage wavelforms are all theoreti-
cally valid, but some might be unsuitable for practical
implementation. For istance, the rectified sinusoidal wave-
form shown in Equation (15) has severe voltage variations
and abrupt changes at some periodic points, implying a rich
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content of harmonics. These kinds of wavelorms are chal-
lenging for implementation with the RP. In contrast, the
wavetorms 1n Equations (16) and (17) contain only a single
low-frequency content, which 1s much easier to track.

[0075] From Equation (11), the maximum and minimum
voltage of V. can be derived as

Pk + 1) (18)
VCS_max — C o

Prlk — 1) (19)
Ves min = o

and the respective energy stored in the storage capacitor C_
1S

Ecs ma = PR(; + 1) (20)
(o)
Ecs o = P;::(; - (21)
(o
[0076] The energy utilization rate, 1., which 1s defined as

the ratio of the fluctuation of energy over the maximum
stored energy, can be expressed as

Ecs max — Ecs min (22)
E S max |

NeE =

By substituting Equations (20) and (21) into Equation (22),
N can be expressed 1 terms of k as

2 (23)
TE = i

[0077] Equation (23) shows that nE 1s inversely-propor-
tional to k.

[0078] In a similar manner, the capacitor voltage utiliza-
tion rate NV (or ripple factor), which 1s defined as the ratio
of the voltage vanation over the average DC voltage V .

can be derived as that given in Equations (24) and (25).

avg?

(24)
VC S avg — E ( VC S max T VC S_min)

V max_v N 23
my = LE5- cs. =2(k—\/k2—1) (£3)

VC S_avg

[0079] As aresult, 1t 1s possible to correlate nV and nE by
combining Equations (23) and (25), and eliminating k to
give Equation (26), which 1s plotted as shown in FIG. 8.
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[0080] It should be noted that the maximum values for nV
and nE are 200% and 100%, respectively.

_ Sy (26)
"= 7y +4ny +4
[0081] Equation (26) 1s useful for evaluating the utiliza-

tion of the energy storage component by using only the
voltage ripple information. For example, in conventional
boost PFC rectifiers, with a 1% voltage ripple mV=1%) on
the DC-link, the energy utilization rate 1s merely 1.98%.
This means that the remaining 98% of the energy stored 1n
the capacitor 1s redundant. For the proposed RP on the other
hand, with a much larger voltage variation allowed on the
Ccs, e.g. nV=140%, the resulting utilization rate nE 1s more
than 96%. Clearly, the active energy storage method of the
RP provides a significant improvement in terms of energy
usage.
[0082] The topology of the RP could be selected as a
DC/DC converter or a DC/AC inverter in accordance with
the capacitor wavelorms that have been derived 1n FIG. 6
(for DC operation) and FIG. 7 (for AC operation). As an
illustrative example, only the DC/DC type converters are
considered. These converters might or might not have gal-
vanic 1solation. Converters such as switched-capacitor (SC)
converters are also possible candidates. See the M. Chen
article, which 1s incorporated herein by reference in 1ts
entirety. In general, the three rules 1n determining the circuit
topology for the RP are:

[0083] (d) Energy utilization rate . should be large.

[0084] (e) The size and cost of the energy storage

capacitor should be small.
[0085] (1) High voltage stress on components should be
avoided.

[0086] According to FIG. 8, the allowance of a higher m,-
(bigger voltage swing over C.) results in a higher m.
However, a high 7, does not necessarily guarantee a very
small capacitance. By combining Equations (19), (20), (23),
and (26), C_ can be derived as

P, (27)
Cs = — .
mvCS_avg + Ry

[0087] From Equation (27), it can be understood that to

minimize the energy storage capacitance, both nV and
VCS_avg (1.e., average voltage of Cs) should be large.

[0088] For AC/DC systems with a high DC port voltage
V e~ such as that i typical boost PFC rectifiers with a 400
V DC-link output, a buck or a buck-boost converter can be
used. Both converters can realize 100% energy utilization
rate since the voltage of Cs can be fully discharged to zero.
Nevertheless, the V . avg 1n a buck converter 1s bounded by
V-, whereas it can be much higher in a buck-boost
converter. Hence a smaller capacitance can be realized 1n a
buck-boost converter at the cost of higher voltage stress.
However, 1f a boost converter 1s used, Cs can only be
discharged to V,.. Therefore, Cs contains significant
amount of redundant energy that cannot be utilized. Also, the
voltage stress will be very high, which 1s unacceptable.

These characteristics obviously violate the converter selec-
tion rules.

[0089] For AC/DC systems that have a low V. (e.g. a
micro-inverter system in which one or several low voltage

PV cell are connected to an inverter), a buck-boost or a boost
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converter can be selected. Here, both the redundant energy
and the voltage stress can be low for the boost converter
because of the low V. The buck converter 1s not chosen
since the upper limit of v, 1s bounded by the low V.,
resulting in a low Vg . value. A large capacitor would
have to be applied with the buck RP, which 1s undesirable.

[0090] For purposes of understanding the present mven-
tion a system with a high DC-link voltage of 400 V 1s
considered. Therefore, a bi-directional buck converter is
selected as the RP. FIG. 9 shows the circuit arrangement of
a boost PFC rectifier and an RP being connected to the
DC-link.

[0091] In order for the RP to operate eflectively, the active
filter must be controlled. Generally, there are four methods
to control the active filter:

[0092] (1) Directly control the output current of the shunt
active filter 1,such that 1,—1~1 -, where I, 1s a constant DC
current. Therefore, 1, can be controlled to be equal to the
ripple content 1n 1, as illustrated 1n FIG. 2;

[0093] (2) Directly control the imnstantaneous power in the
energy storage device such that the ripple power generated
by the AC/DC converter 1s compensated. Typically, the
control of the mstantaneous power 1s achieved by regulating
the voltage/current of the energy storage device. This
method 1s equivalent to the first; however, the output current
1.1s 1ndirectly controlled;

[0094] (3) Directly calculate the duty cycle based on the
ripple current content in 1.. This method 1s a feedforward
control; and

[0095] (4) Directly regulate the instantaneous DC voltage
through feedback control. It 1s a DC-voltage based control.

[0096] The control design is critical for the actualization
of the plug-and-play operation of the RP. First, the controller
must be DC port based; meaming that the only information
available for performing the control 1s the DC output voltage
V. Currently, many existing methods for controlling
active filters are circuit-model based (e.g. by using Equation
(6)) that require knowledge of the AC side information (such
as current and voltage) and the system parameters. These
methods require installation of extra sensors 1nto the existing,
host system and are mvasive to its operations. This makes
them inappropriate for RP implementation. Furthermore,
they are typically complicated and inaccurate. See the
articles M. Su; et. al., H. L1, et al.; Y. Tang, et. al., and P. T.
Krein and R. S. Balog, “Cost-eflective hundred-year life for
single-phase mverters and rectifiers i solar and LED light-
ing applications based on minimum capacitance require-
ments and a ripple power port,” IEEE Applied Power
FElectronics Conference and Exposition, (2009), pp. 620-
625].

[0097] Since the ripple voltage on the DC port 1s caused by
the ripple power p,, the ripple voltage alone contains sufli-
cient information to predict the ripple power. For the present
invention, a ripple-voltage based controller 1s proposed. It
utilizes only the ripple voltage information on the DC port
of the AC/DC system to estimate the voltage wavelorm V .
of the energy storage capacitor. No information from the AC
side 1s needed, nor does 1t require knowledge of the exact
system parameters.

[0098] Assume that a large k 1s adopted for both the
DC-link voltage V.~ and the energy storage capacitor V ..
According to Equation (16), both waveforms can be
approximated as functions that comprise a double-line fre-
quency ripple and a DC ofiset, in which the ripple of both
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functions are in phase. An ideal proportional-resonant (PR)
controller, which has an infinite gain at the double-line
frequency, can be used to ensure that V .. 1s controlled to
fully mitigate the double-frequency ripple of V.. An
example of such a controller shown 1 D. N. Zmood and D.
G. Holmes, “Stationary frame current regulation of PWM
inverters with zero steady-state error,” IEEE Trans. Power
FElectron., vol. 18, no. 3, pp. 814-822, May 2003, which 1s
incorporated herein by reference in its entirety. When the
energy utilization rate 1. 1s high, k for V . 1s designed to be
low. In this case, the high-order harmonic contents of V .
increase, and the control of V . using a single PR controller
will be 1naccurate. Instead, a multi-PR controller that has
high gain for multiple selected frequencies and over a wider
bandwidth can be applied. As an example, see the M. Su, et
al. article and R. Teodorescu, et al., “A new control structure
for grid-connected LCL PV 1nverters with zero steady-state
error and selective harmonic compensation,” IEEE Applied
Power Electronics Conference and Exposition, (2004), vol.
1, pp. 580-586, which 1s incorporated herein by reference 1n
its entirety.

[0099] A repetitive controller 1s also an alternative solu-
tion. See M. Steinbuch, “Repetitive control for systems with
uncertain period-time,” Automatica, vol. 38, no. 12, pp.
2103-2109, (December 2002), which 1s incorporated herein
by reference 1n 1ts entirety.

[0100] The transfer functions for an i1deal PR, multi-PR

and repetitive controller are shown 1n Equations (28)-(30),
respectively.

_ L k;S (28)
Co PR =HKp + s 4+ wf
G A Ki1s N kins . ki3S . (29)
c_PR_multiple — Hp 2 4 {,d% 2 1 {U% n {;_,1% e
2 (30)
Gﬂ_ﬁp —e Yl
[0101] Ideal PR controllers are mostly impractical.

Instead, the quasi-PR controller, which 1s more easily real-
1zed through simple analog circuits or microprocessors, 1s
typically adopted in implementation. See the articles H. Li,
et al. and D. N. Zmood, et al., which are incorporated herein
by reference 1n their entireties. A typical transier function for
a quasi-PR controller 1s shown in Equation (31), where m_
1s the cut-ofl frequency and m, 1s the resonant frequency.

kjtr_}ﬂS (31)

$2 + WS + Wi

Gc_quasi_PE — kp +

[0102] The gain of the quasi-PR controller 1s lower than
that of the ideal PR controller, but it has a wider passband.
Therefore, 1n terms of mitigating ripples 1n systems that have
a shifting line-frequency as 1n real-life AC grids, the quasi-
PR controller would be more useful.

[0103] The buck RP 1s operated to provide for bi-direc-
tional power tlow. It can be perceived as a buck converter
when power tlows 1n the direction from V-~ to C_, or as a
boost converter when power tlows reversely. The control of
the RP 1s individually examined for both directions of power
flow. While 1t may first appear that the controller 1s different
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for both cases, 1n fact they are equivalent when 1t comes to
implementation. As the AC/DC system model used 1n this
work 1s general, the conclusion made 1s universal to all
possible AC/DC systems.

[0104] For power flowing from the DC port of the AC/DC
system to the energy storage capacitor Cs, the RP operates

as a buck converter, as illustrated in FIG. 10.

[0105] A possible control block of the RP 1s illustrated 1n
FIG. 11, which shows a high-pass filtered DC-link voltage

being processed by the quasi-PR controller 22 with transier

tfunction G, and generating a reference capacitor voltage
V ..*. The high-pass filter 20 removes the DC content of
V. For control simplicity, V ..* 1s directly pulse-width-
modulated by a carrier signal V, applied to comparator 24,
which also receives V __ to control the buck converter with-
out the sensing and closed-loop feedback of the actual V ...
Essentially, this 1s a feed-forward control. Here, the high-
side switch S, 1s directly controlled by the controller, while
the low-side switch S, 1s made complimentary to S, by
inverter 26. The overall open-loop transfer function from

DC-link voltage to the output duty cycle dg, 1s

351 (32)
Gopisty = — = GpoGe [/ Viy
VD¢

where G, , 1s the transter function of the high-pass filter and
V,, 1s the modulator amplitude.

[0106] FIG. 12 shows the typical control block diagram of
a boost PFC rectifier with input current shaping control.

Generally, the bandwidth of the outer voltage/power loop of
the PFC controller 1s very small (e.g. lower than a few Hz)
and only the DC voltage/power (V. or P,, ) of the DC-link
1s regulated. At steady state, the ripple power which the RP
absorbs 1s an AC double-line frequency component, and the
RP consumes no DC power. If the input impedance of the RP

1s defined as 7, . as shown 1n FIG. 10(a), the 1deal Z, would
be
Zin_DC = €0 (33)
{ Lin 2 =V

where 7, - and Z,, ., are the mput impedance Z,, corre-
sponding to DC and double-line frequency voltage signals,
respectively. This means that the incorporation of the RP on
the DC port has no influence on the average DC voltage
control of the original AC/DC system.

[0107] For verification, an experimental simulation was
performed using PSIM software based on the circuit con-
figuration shown i FIG. 9, where a boost PFC rectifier 1s
used as the AC/DC conversion system. Two 1solated resis-
tiveloads R, ; and R , are used to emulate the two diflerent
utilities connected on the DC-link. The key circuit param-
cters are given in Table 1.
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TABLE 1

KEY CIRCUIT PARAMETERS FOR
SIMULATION AND EXPERIMENT

Plug-and-Play RP Boost PFC stage

Parameters Values Parameters Values
Input voltage Vi~ (V) 400  Nomuinal power Pp~ (W) 100
Energy storage capacitor 5 AC voltage v,_ (V) 220
C, (LF) Output voltage V.~ (V) 400
Inductor L, (mH) 2.5 Dc-link capacitor C_ (uF) 5
Switching frequency {1, 25 ESRof C, (@ 400 V (L) 3.51
(kHz) Boost inductor L, (uLH) 390
Load 1: R, | (£2) 2400
Load 2: R, 5 (£2) 4800
Switching frequency {_ 100
(kHz)
[0108] FIG. 20 shows the simulation results of the steady-

state voltage wavelorms of the DC-link and the energy
storage capacitor. Belfore the RP 1s applied (FIG. 20(a)), the
DC-link voltage ripple 1s more than 60.9 V, which accounts
for 15.2% of the average value (400 V). The large ripple 1s
due to the use of a small capacitor on the DC-link. After the
RP 1s plugged-in (FIG. 20(b)), the voltage ripple 1s eflec-
tively reduced to around 7.2 V for the case of using the PR
controller with 100 Hz resonant frequency and to around 3.9
V (<1% of the averaged DC-link voltage) when a multi-PR
controller 1s utilized, as shown in FIG. 20(c¢). The simulation
results are 1n good agreement with the experimental results
that are shown 1n FIG. 21.

[0109] A schematic of the block diagram of FIG. 10(a) 1s
shown 1n FIG. 10(b). It illustrates the use of the plug-&-play
device programmed as an emulated capacitor and used as a
voltage ripple pacifier 1n the system. As part of a simulation
a current source (1 ) 1s included 1n the system to disturb the
48V dc link voltage by creating repetitive voltage ripple. The
current source 1s programmed to inject current into the
system at four different frequencies (30 Hz, 100 Hz, 200 H
and 300 Hz) in order to create voltage ripples at these four
frequencies. Separate simulation tests are conducted with
and without the proposed voltage ripple pacifier. The voltage
ripple pacifier 1s programmed with an emulated capacitor of
C'=520 pF, although the actual C_=10 uF and C =20 uF. For
the simulation without using the voltage ripple pacifier, a
capacitor of 520 uF 1s used so that the results can be
compared with those obtained with the emulated capacitor
(with an equivalent capacitance of 520 uF).

[0110] The simulation results are shown 1n FIG. 21. Com-
parisons of the DC-bus voltage V .~ are given for scenarios
when

[0111] (a) a DC-bus capacitor C_=10 uF 1s used only.
[0112] (b) a DC-bus capacitor C_=520 uF 1s used only
[0113] (c¢) the Ripple Pacifier emulating a capacitor

C'=320 uF (with C =10 uF and C =20 uF)

The simulations results show that the filtering effect of the
emulated capacitor of 520 uF (provided by the shunt voltage
ripple pacifier) in reducing the voltage ripple 1s as effective
as a practice capacitor of 520 uF. The magnitude of the
filtered voltage npples 1s significantly smaller than that
when only a small capacitor of C_=10 uF 1s used.

[0114] According to FIG. 22, with an RP using a PR

controller of 100 Hz resonant frequency, the DC-link voltage

ripple 1s significantly mitigated from 61 V (see FIG. 22(a))
down to 6.3 V (see FIG. 22(c)). The fast Fourier transfer

(FFT) analysis of V. shows that the RMS value of the
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double-line frequency ripple 1s reduced from 14.1 V (see
FIG. 22(b)) down to 0.304 V (see FIG. 22(d)). With a high
voltage utilization rate, V.~ still contains noticeable high-
order ripple contents, as indicated in FIG. 22(d). The per-
formance of the DC-link voltage can be further improved
with a ripple of only 3.3 V (see FIG. 22(e)) when the
controller of the RP 1s changed to a multi-PR controller with
resonant frequencies of 100 Hz, 200 Hz, and 300 Hz. This
1s clearly reflected in FIG. 22(f) which shows the high-order

ripples being eflectively suppressed.

[0115] Four sets of step-load change experiments were
conducted (from full load to 20% load, and from 20% load
to tull load) with and without the use of RP. These experi-
ments were conducted to examine the transient and steady
state performance of the RP. The transient voltage wave-
forms of the DC-link and the energy storage capacitor are
shown 1n FIG. 23 and FI1G. 24. In particular, FIGS. 23(a) and
23(b) are transient voltage waveforms of the system from
tull load to 20% load without RP (left) and with RP (right)
in each figure. FIGS. 24(a) and 24(b) are transient voltage
wavetorms of the system from 20% load to full load without
RP (left) and with RP (right) in each figure.

[0116] From the results, 1t 1s observed that for both load-
change conditions, the DC-link voltage of the system 1s of
similar dynamics in terms of their overshoot/undershoot
ratio and settling time, for both cases with and without the
RP. Note that with the RP, there i1s no change in the
steady-state DC-link voltage before and aiter the load tran-
sient. This demonstrates the non-invasive property of the
proposed RP on the normal functioning of the existing
system. Moreover, with the RP, the double-line frequency
ripple 1s mitigated even during the transient intervals, which
clearly showcases its fast dynamic capability 1n mitigating
the ripple.

[0117] The power consumed by the RP 1s also examined.
Ideally, the RP absorbs only the ripple energy and does not
consume power. In practice, however, the RP device has
power losses and requires power supplies for i1ts driver and
control ICs. Notably, the core loss and copper loss of the
inductor L._1s low, since the inductor current for L. 1s slowly
varying with double the line frequency, and 1ts averaged
value 1s zero. FIG. 25 shows the relative power consumed by
the RP against the output power of the AC/DC system
ranging from 20 W to 110 W. A maximum value of 5.4% 1s
recorded at light load, while this number decreases to less
than 2% at medium and full load.

[0118] Since the energy consumed by the RP 1s from the
DC-link, the RP does contribute to efliciency degradation of
the AC/DC system. However, the drop of the overall efli-
ciency 1s isignificant since the ripple power 1s processed by
the film cap Cs that has a low equivalent series resistance
(ESR) (when used with RP) instead of the original E-Cap Co
that high a high ESR (without RP) as clearly illustrated in
the efliciency plots shown in FIG. 25. For the entire power
range, the difference in efliciency 1s small, especially at high
power levels. For instance at Po=110 W, the RP causes a
1.34% drop of efliciency.

[0119] The RP has an impact in reducing the operational
temperature of the components in the main boost PFC
rectifier. With the RP, the low-irequency ripple current that
flows through the output capacitor Co 1s reduced, leading to
a lower junction temperature of the pre-installed E-Cap. This
prolongs the lifetime of the E-Cap. Moreover, by ensuring a
constant and ripple-iree DC-link voltage, the power losses
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of all power devices and magnetics of the AC/DC power
converters and connected downstream converters 1s dimin-
1shed.

[0120] FIG. 26 shows the experimentally-captured ther-
mal 1mage of the boost PFC rectifier taken after three hours
of operation under free convection with an ambient tem-
perature of 25.4° C., for both with and without the use of RP.
In FIG. 26 point a 1s a plastic cover of an E-Cap Co; point
b 1s an aluminum top cover of E-Cap Co; point ¢ 1s an output
diode Do; point d 1s a power MOSFET Sb; point € 1s an input
diode bridge D1~D4; and point 1 1s a magnetic core of boost
inductor Lb. The thermal image 1s captured using NEC-
TH3100 with an emission rate of 0.95. The actual surface
temperatures of the respective components are also mea-
sured using thermal couplers and a FLUKE data acquisition
unit, and are shown 1n Table II.

TABLE 11

MEBEASURED TEMPERATURE WITH AND WITHOU'T RP

Temperature

Without RP With RP reduction
Measured Surface (° C.) (° C.) AT (° C.)
Point a : plastic cover of E-Cap 42.5 35.0 7.5
Co
Point b: alummum top of E-Cap 42.2 34.1 8.1
Co
Point ¢: output diode D_ 50.7 41.4 9.3
Point d: power MOSFET S, 42.4 33.9 8.5
Point e: input diode bridge 60.0 52.3 7.7
Point f: magnetic core of L, 64.7 54.3 10.4
[0121] As expected, when the RP 1s activated, all power

devices, the magnetics, and the E-Cap, have a much lower
temperature. All components gain a surface (junction) tem-
perature reduction of more than 7.5° C. Since the operational
lifetime of components, especially the power semiconduc-
tors and the E-caps, are highly dependent on the junction
temperature, the results achievable with the RP given i FIG.
26 are significant considering the large improvement 1n the
overall system reliability. For instance, the expected opera-
tional lifetime of an E-Cap 1s modeled 1n S. K. Maddula and
J. C. Balda, “Lifetime of electrolytic capacitors 1n regen-
erative induction motor drives,” IEEE Power Electronics
Specialists Conference, (2003), pp. 153-139; and S. G.
Parler, “Application guide, aluminum electrolytic capaci-
tors.” [Online]. Available: www.comell-dubilier.com], as

(Tas—T;) (34)
L=1pM2 10

where L 15 the expected lifetime of the capacitor 1n hours, L
1s the base lifetime at the maximum permitted junction
temperature T,, M, 1s a unit-less voltage multiphier for
voltage de-rating, and T, 1s the junction temperature of the
capacitor. According to Table II, the reduction of surface
temperature at Point b with the use of RP 1s 8.1° C., which
by using Equation (34), translates mto a 1.75 times boost of
the E-Cap’s lifetime. Since the E-Cap adopted 1n the experi-
ment 1s one that already has a low ESR (see Table 1) and a
relatively long lifetime, the 1.75 times boost of the lifetime
by the RP will be significant for achieving high reliability of
such systems.
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[0122] In FIG. 27, a comparison of the power factor of the
AC/DC system with and without the RP 1s shown. It can be
seen that, with the RP, the power factor 1s slightly improved.
According to S. A. Khajehoddin, et al., “DC-bus design and
control for a single-phase grid-connected renewable con-
verter with a small energy storage component,” IEEE Trans.
Power Electron., vol. 28, no. 7, pp. 3245-3254, (July 2013),
the double-line frequency ripple on the DC-link can intro-
duce third harmonics 1nto the input current by disturbing the
reference point of the current control 1n the AC/DC system.
By mitigating this ripple content, the RP can indeed ame-
liorate the power factor performance of the AC/DC system.

[0123] According to the present invention, a plug-and-
play Ripple Pacifier (RP) 1s proposed for stabilizing the
DC-link iterface of DC utilities and systems such as those
involving AC/DC and DC/AC power electronic applica-
tions. The proposed RP 1s simple-to-use, of low cost, and 1s
non-invasive to i1ts host AC/DC systems. It 1s suitable for the
protection of DC utilities/systems and can also be used as a
direct replacement for ripple-canceling E-Caps 1n power
converters. Theoretical and experimental work performed
on a boost PFC rectification system validates the ripple-
mitigation capability of the proposed device. The results
show that significant mitigation of the DC-link ripple and
significant reduction of operational temperature of the PFC
rectifier 1s achievable with the RP.

[0124] The device of the present invention may be pro-
grammable. This means that the technical function of the
device can be programmed with a specific function. It should
be noted, however, that while the plug-&-play device can be
a programmable one (such as changing a program of the
control function and values of some components 1n a hard-
ware circuit); 1t can also be designed specifically without the
flexibility of using a programmable design.

[0125] The main concept of the invention 1s to control the
plug-&-play device like an emulated impedance or function
(Ze) as shown 1n FIG. 17. For example, such function can be
that of a capacitor or an active power filter. If the device 1s
designed as an emulated capacitor so that the plug-&-play
device can behave like a voltage ripple pacifier (RP) and 1f
/¢ 1s controlled as a shunt equivalent capacitor, then the dc
link voltage V ,,~ can be well stabilized in scenarios when (a)
the mstantaneous power 1s imbalanced between the source
and load (b) the instability occurs due to the un-matching
impedance from the source and load (¢) power dips caused
by a sudden load increase.

[0126] Such a programmable impedance 1s realized by
controlling the input current of the RP 1, to follow 1%, a
reference current that satisfies

ik ﬁDI[':(S) (35)
Lr(s) = 705
where the symbol “~ refers to small ac signals. Therefore,

1 and V. are the small perturbations of the reterence filter
current and the DC link voltage, respectively.

[0127] A general control block diagram 1s shown 1n FIG.
17. Note that the derivation ot 1.* from V. can be realized
in various ways. In the example of emulating a capacitor of
C_, and hence
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w« . Vpcls)  Vpcels) (36)
=7 T Tsc)
[0128] It can be obtained through an analogue differen-

tiator circuit, according to Equation (36). This method has
been proposed in X. Zhang et al., “Adaptive Active Capaci-
tor Converter for Improving Stability of Cascaded DC
Power Supply System,” IEEL Trans. Power Electron., vol.
28, no. 4, pp. 1807-1816, (April 2013), although it 1s used
only for stabilizing an impedance-unmatched cascaded sys-
tem. However, using a differentiator would lead to noise
issues 1n electronic circuits. A better approach to obtain 1%,
1s shown 1n FIG. 18(a) for the shunt plug-&-play device. It
uses a small impedance C_ 1n parallel with the DC-bus, and
then amplifies 1ts current 1, by K times for 1,, to follow. In
this way, the expected 1 would be

C o . o . .
If _IC{}+IL1 —I CG+KICGHKICG: (37)

where K>>1 1s assumed. Consequently, 7Z_ would be

vpe(s) 1 Vpc(s) 1 (33)
Ze(s) = o— = == = -
() Kig(s) S(KGo)
[0129] Equation (38) indicates that the emulated 1mped-

ance 7 1s equivalent to a capacitor that has a capacitance of
KC_. For example, if C =10 uF, and K=70, then Z_ 1s
emulating a 700 uF capacitor. While C_ should be a small
capacitor 1n the device, 1t should also be noted that the other
capacitor C_used 1n FIG. 18(a) 1s also much smaller than the
emulated capacitor Z_. The reason 1s that the voltage across
C. 1s allowed to rise to a level (v ) which 1s much higher than

V .~ Based on the law of conservation of energy, the energy
stored in the emulated capacitor is A7, v, =~%C.v >
Theretore, Z_>C_ for v_>V .. In general, non-electrolytic
capacitors are used for C_ and C_ because their capacitance
s1zes are small.

[0130] In FIG. 18 (a), an outer voltage control loop 1is
incorporated (as indicated 1 by Vc¢) to regulate the averaged
voltage for the capacitor Cs. In this way, the RP consumes
only a very small amount of power that 1s used to compen-
sate the power losses in RP. No extra DC power 1s consumed
or generated.

[0131] FEssentially, the if* 1s derived indirectly from V -,
taking advantage of the small Co across the DC-bus. As
shown 1n FIG. 18, the voltage across C. 1s compared to a
reference. The diflerence voltage 1s applied to a propor-
tional-integral (PI) controller to generate a current that 1s
compared to the current though capacitor C_. This diflerence
1s compared to the current through inductor L, to generate
the signal for the current controller. This method makes the
implementation simple, without complicated analogue cir-
cuit design, which could easily be mtertfered with by switch-
INg Nnoises.

[0132] In thus invention, the concept of emulating an
impedance or a function can be further generalized. 1T 1, 15
amplified by a general transfer function of G_(s), as shown

in FIG. 18 (b), Z_ can be derived as
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Z.(s) = vpcls) 1 Vpels) 1 (3%)
T G dets) sG]
[0133] Equation (39) implies that Z_ can be programmed

to emulate a resistor, inductor, and even a non-linear device,
if G _(s) 1s selected properly. Therelore, by designing or
programming Ge(s) as a function desirable for an applica-
tion, this plug-&-play device can be plugged into the dc
voltage link of a power electronics system or a dc power grid
to provide 1ts designed function. Therefore, the control
scheme with the G _(s) as a programmable function i FIG.
18(5) 1s more general than the specified case of G _(s)=K 1n

FIG. 18(a).

[0134] The general control scheme 1n FIG. 18 (b) forms
the core element of this invention. If the general function
Ge(s) 1s programmed as Ge(s)=K, the eflect of providing an
emulated capacitor 1s shown 1n FIG. 19, which illustrates the
actual capacitance of Co used 1n the circuit and an emulated
capacitor C__ . . (=KCo) in the frequency domain.

[0135] In practice, the active filter can be improved by
using a second-order low-pass {filter (or any other type of
filter), as long as the switching ripple of the switched mode
converter forming the shunt plug-&-play device 1s filter off.
When G _(s) is designed as a 2”¢ order low-pass filter:

w? (40)

G.(s)=K -
(5) 57+ 2%0.7 % we + w2

LFPF

where K=350, o _=2*p1*1 kHz and C_=10 uF and C =20 uF.

[0136] Note that the low-pass filter 1s typically required 1n
a practical implementation 1n order to suppress the switching
ripples 1n the sensed capacitor current 1. When the effect
of the low-pass filter (LPF) part in Equation (40) to the
emulated capacitance can be neglected, the relationship
between the 1deal capacitance of C_ and the emulated
capacitor C__ . . .1s consistent with FIG. 19. FIG. 20 shows
the theoretical bode plot of the magnitude and phase of the
tull function m Equation (40) (the eflect of the low-pass
filter 1s included).

[0137] To further improve the filter characteristic for
application in which the double mains frequency 1s present,
the active filter can also be programmed with extra filtering,
cllect for the double mains frequency. This can be achieved
by programming the plug-&-play device with a low-pass
filter function and a proportional-resonant function (with the
resonant frequency set at the double mains frequency).

[0138] When G _(s) is set as a 2" order low-pass filter plus
a proportional resonant function:

G,(s) = K “ x(k b 2 ] e
e = 52+2$(].7$m¢-|:m§ o __52+Lu¢25+m§

LPF RP

—

where K=50, o _=2%*p1*1 kHz, o, =2*p1*100 (where 100 Hz
1s the double mains frequency for a 50 Hz mains) and C_=10
uF. With this arrangement the plug-&-play device can be
programmable or designed with specific functions.

11
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[0139] Instability might happen when the output 1mped-
ance Zout of the source converter 1s larger than the mput
impedance of Zin (1.e. violating the Middlebrook criterion),
even though each converter 1s individually designed to be
stable on 1ts own. After the RP (emulating a 700 uf capaci-
tor) 1s used, the peak value of Zout 1s attenuated below Zin,
thereby a stable V ..

[0140] The elements of the embodiments described above
can be combined to provide further embodiments. These and
other changes can be made to the system 1n light of the above
detailed description. While the invention has been particu-
larly shown and described herein, with reference to preferred
embodiments thereot, 1t will be understood by those skilled
in the art that various changes 1 form and details may be
made therein without departing from the spirit and scope of
the 1nvention.

What 1s claimed 1s:

1. A power converter for stabilizing a DC-link interface to
DC utilities and systems and which 1s connected to an
AC/DC converter, comprising:

first and second capacitors C_, C_ each with first and
second ends, the first capacitor being connected across
a DC link;

an inductor L connected 1n series with a first switch S, the
series being connected between the first end of the
second capacitor C_ and the DC link,

a second switch S, connected between a junction of the
first switch and the inductor and the second end of the

second capacitor, and

a control circuit that alternately operates said first switch
and second switch to control the absorption of a DC
ripple by presenting a variable impedance to the DC
link.

2. The power converter of claim 1 wherein 1t 1s connected
to the DC-link interface without altering 1t so 1t functions as
a two-port device that 1s plug-&-play.

3. The power converter of claim 1 wherein the control
circuit only requires a voltage of the DC link.

4. The power converter of claim 1 wherein 1t 1s program-
mable to provide different types of impedance.

5. The power converter of claim 1 wherein the control
circuit operates at a frequency higher than double the
frequency of an input AC of the AC/DC converter.

6. The power converter of claim 1 wherein the control
circuit comprises:

a first comparator that compares the voltage across the
second capacitor with a reference voltage and creates a
first error signal;

a converter for changing the first error signal into a first
current signal;

a Tunctional modifier that modifies the current through the
first capacitor to a second current signal;

a second comparator for comparing the first and second
current signals to generate a third current signal;

a third comparator for comparing the current through the
inductor to the third current signal to generate a fourth
current signal;

a current controller that converts the fourth current signal
into switching signals for the first switch and second
switch.

7. The power converter of claim 6 wherein the functional
modifier 1s a capacitance multiplier.
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8. The power converter of claim 6 wherein the functional
modifier 1s a generalized impedance that can be programmed
to emulate different impedances.

9. The power converter of claim 8 wherein the generalized
impedance can be programmed to be one ol a resistor,
inductor or non-linear device.

10. A DC voltage system that provides DC voltage to DC
utilities and systems, comprising:

a power converter for providing the DC voltage to a DC
link to which the DC utilities and systems are con-
nected; and

a ripple pacifier connected across the DC link, said ripple
pacifier presenting variable impedance to the DC link
so as to reduce an AC ripple 1in the DC link, said ripple
pacifier relying only on the DC voltage for control and
not adversely aflecting the DC link.

11. The DC system of claim 10 wherein the power

converter 1s a boost PFC rectifier.

12. The DC system of claim 10 wherein the power
converter 1s a buck boost converter.

13. The DC system of claim 10 wheremn the power
converter 1s one ol a step-up, step-down or step-up/down
power electronics converter or a AC/DC converter including,
a full-bridge converter, half-bridge converter and multi-level
converter or their derivative or combination.

14. The DC system of claim 10 wherein the power
converter acts to perform at least one of the following: an
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emulated impedance, active power f{ilter, voltage nipple
reduction or improved stability margin of DC voltage linked
power stages.

15. The DC system of claam 10 wherein the power
converter acts as a second ripple pacifier to suppress or filter
voltage ripple of a particular frequency that doubles main
frequency commonly occurred i an AC-DC power con-
verter systems.

16. A method for controlling an AC nipple from a switched
mode power electronic converter connected to a DC link of
a host DC voltage system, comprising the steps of:

providing a two terminal device across the DC link;

causing the two terminal device to emulate the AC ripple
and to reflect the AC nipple 1n the impedance 1t presents
to the DC link so as to reduce the AC ripple;

causing the impedance to be presented 1n such a way as

to not alter the DC link;

controlling the two terminal device based on the mea-

surement of the DC link.

17. The method of claim 16, wherein the step of control-
ling involves alternately switching impedance elements 1n
the two terminal device to vary the impedance presented by
the two terminal device.

18. The method of claim 16 wherein the step of control-
ling operates at a frequency higher than double the fre-
quency of the AC ripple.

G ex x = e
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